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1.  Introduction 


There  are  a  significant  number  of  problems  in  radar  cross  section  (RCS)  simulation  that  require 
an  exact  code  for  solution.  In  this  report,  we  compare  RCS  calculations  with  two  very  different 
types  of  exact  code,  a  method-of-moments  (MOM)  code  and  a  finite-element  (FE)  code.  Both 
types  of  code  are  exact  in  that  they  contain  all  of  the  physics  in  Maxwell’s  equations:  reflection, 
diffraction,  traveling  waves,  etc.  The  MOM  code  recasts  Maxwell’s  equations  for  the 
electromagnetic  fields  as  integral  equations  for  the  currents  on  surfaces  that  can  then  be  solved 
using  numerical  methods.  Once  the  currents  have  been  obtained,  it  is  straightforward  to 
calculate  the  electromagnetic  fields  in  all  of  space.  This  works  well  for  metallic  targets  since  the 
currents  are  confined  to  the  outer  surfaces,  which  considerably  reduces  the  regions  of  space  that 
need  to  be  analyzed.  With  advanced  numerical  methods,  such  as  the  multilayer  fast  multipole 
algorithm,  the  solution  time  can  be  acceptably  fast.1  Commercial  codes  are  available.2,3  In 
contrast,  the  FE  method  solves  Maxwell’s  equations  directly.  This  requires  building  a  three- 
dimensional  (3-D)  grid  that  includes  the  target.  In  order  to  keep  the  size  of  the  problem  as  small 
as  possible,  one  builds  two  boxes  around  the  target  (see  figure  1).  The  inner  box  is  a  surface 
from  which  a  near  field  to  far  field  transfonnation  is  applied.  The  outer  box  has  perfectly 
matched  absorber  boundary  conditions  applied  to  its  surfaces.  Both  boxes  can  be  very  near  to 
the  target,  typically  less  than  a  wavelength  away.  An  excellent  commercial  code  (HFSS*)  is 
available  and  was  used  for  the  FE  calculations  presented  here.  This  code  has  an  adaptive 
meshing  capability  to  help  speed  convergence. 

Several  interesting  RCS  targets — a  propeller,  a  trihedron,  some  very  thin  plates,  and  a  metal 
cylinder — were  analyzed  in  this  effort.  The  targets  were  drawn  in  Sol  id  Works3  2007,  meshed  for 
MOM  code  analysis  using  Hypermesh, ^  or  imported  into  HFSS  as  STEP  203  files.  With  one 
exception,  the  calculations  were  run  on  a  Dell  7400  Linux  2.8  GHz  workstation  with  two  quad- 
core  processors,  each  with  1  GB  of  RAM.  Run  times  were  typically  a  few  minutes  to  a  few 
hours. 

RCS  data  for  the  propeller  at  10,  15,  and  34  GHz  were  also  obtained  in  a  small  indoor  test 
facility  at  the  U.S.  Amy  Research  Laboratory  (ARL). 


'Gibson,  W.  C.  The  Method  of  Moments  in  Electromagnetics',  Chapman  and  Hall/CRC,  Taylor  and  Francis  Group:  Boca 
Raton,  FL. 

2FEKO,  distributed  by  EM  Software  and  Systems  (USA),  Inc.,  Hampton,  VA. 

■J 

CST  Microwave  Studio,  CST  of  America,  Inc.,  U.S.  Headquarters:  Framingham,  MA. 

*HFSS  is  a  registered  trademark  of  ANSYS,  Inc.,  Canonsburg,  PA. 

^SolidWorks  is  a  registered  trademark  of  the  SolidWorks  Corporation,  Concord,  MA. 

~:'Hypermesh  is  a  registered  trademark  of  Altair  Engineering,  Troy,  MI. 
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Figure  1.  A  metal  plate  meshed  for  FE 

analysis  with  the  near-to-far  field 
box  (darker)  and  the  perfectly 
matched  layer  box  lighter  also 
shown. 


2.  Results 


Figure  2  shows  a  model  propeller  for  a  small  unmanned  aerial  vehicle  (UAV)  suitable  for  RCS 
modeling  and  a  small  UAV  propeller  that  is  actually  used.  The  initial  grid  for  FIFSS  RCS 
analysis  at  3  GHz  is  also  shown.  We  were  unable  to  mesh  the  real  propeller  in  a  manner  suitable 
for  analysis  by  either  code,  probably  because  it  is  so  thin  (the  average  thickness  is  >0.005  in)  and 
very  curved.  The  model  propeller  is  about  5  in  long  and  0. 1  in  thick.  The  propeller  is  in  the 
vertical  position,  the  elevation  angle  is  0°  (i.e.,  we  are  looking  head-on),  and  the  azimuthal  angle 
was  swept  from  0°  to  180°  in  all  analyses. 

At  3 -GHz,  the  propeller  is  basically  a  small  antenna  that  is  primarily  responsive  to  vertical 
transmit,  vertical  receive  (VV)  signals,  as  shown  in  figure  3.  The  dark-blue  curve  is  the  VV  RCS 
from  the  MOM  code,  which  is  typically  less  than  a  dB  lower  than  that  predicted  by  HFSS  (light- 
blue  curve).  The  horizontal  transmit,  horizontal  receive  (HH)  RCS  calculated  using  the  MOM 
code  is  shown  as  the  dark-green  curve,  which  is  about  1  dB  lower  than  the  RCS  predicted  by 
HFSS  shown  as  the  light-green  curve.  The  target  was  treated  as  a  perfect  electrical  conductor  in 
the  analyses.  It  would  be  hard  to  measure  these  differences  even  in  a  very  good  compact  range. 
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Figure  2.  The  model  propeller  used  in 
the  analyses  (left)  and  a  real 
propeller  for  a  small  UAV 
(right). 
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Figure  3.  The  calculated  3-GFlz  RCS  at  a  0°  elevation  angle  of  the 
model  propeller. 


Most  small  UAV  propellers  would  be  made  of  plastic  to  minimize  weight.  One  very  convenient 
feature  of  the  HFSS  code  is  that  it  can  handle  dielectric  materials  as  easily  as  it  can  handle 
metals.  Figure  4  shows  how  the  3-GHz  RCS  of  the  model  propeller  decreases  when  its  material 
is  changed  from  metal  (dark  curves)  to  an  insulating  material  with  a  dielectric  constant  of  3.5. 
The  VV  RCS  drops  by  20  dB  and  the  HH  RCS  drops  by  10-15  dB,  depending  on  the  azimuthal 
angle. 
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PROPELLER1,  VERTICAL,  3  GHz,  HFSS 
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Figure  4.  The  3-GHz  RCS  at  a  0°  elevation  angle  of  the  model 
propeller  calculated  using  HFSS. 


At  10  GHz,  the  VV  and  HH  RCS  of  the  metal  propeller  are  pretty  much  the  same,  as  shown  in 
figure  5.  The  MOM  code  and  HFSS  results  are  within  about  1.5  dB  of  each  other.  The  VV 
experimental  data  also  agrees  with  both  predictions  within  1.5  dB.  The  HH  data  differs  from  the 
predictions  by  >2.5  dB. 
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Figure  5.  The  10-GHz  RCS  at  a  0°  elevation  angle  of  the 
metal  propeller. 
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Figure  6  shows  the  10-GHz  RCS  of  the  metal  and  dielectric  propellers  calculated  using  FIFSS. 
The  VV  RCS  of  the  dielectric  propeller  is  a  little  >10  dB  below  the  metal  propeller,  and  the  HH 
RCS  is  about  12  dB  lower.  Figure  7  shows  the  calculated  and  measured  RCS  for  the  dielectric 
propeller.  The  measured  VV  RCS  agrees  with  the  calculated  value  to  within  3  dB  or  better,  and 
the  HH  RCS  agrees  with  in  5  dB  or  better. 
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Figure  6.  The  10-GHz  RCS  at  a  0°  elevation  angle  of  the  model  propeller 
calculated  using  HFSS. 
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Figure  7.  The  10-GHz  RCS  at  a  0°  elevation  angle  of  the  dielectric  propeller. 
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Figure  8  shows  the  test  arrangement  for  X  and  Ku  bands  (8-12  and  12-18  GHz),  and  figure  9 
shows  a  diagram  of  the  Ka  (26.5-40  GHz)  band  test  arrangement.  The  target-to-horn  distance 
was  17  ft  for  the  lower  frequencies  and  12  ft  for  Ka  band.  The  measurements  were  bistatic  in 
both  cases,  with  a  bistatic  angle  of  3.2°.  Data  presented  are  the  average  RCS  taken  at 
401  frequency  points  in  the  8-18  and  26.5-40  GHz  bands  using  an  Agilent  Technologies  8510 
vector  network  analyzer  at  5°  azimuthal  angle  increments.  The  noise  floor  in  the  range  (without 
the  target)  was  below  -45  dBsm  in  all  cases.  The  possibility  of  a  multibounce  interaction 
between  the  mount  and  the  propeller  can  not  be  discounted,  although  none  was  evident  on  visual 
inspection.  Mounting  the  propeller  so  that  it  was  exactly  vertical  proved  to  be  very  difficult,  and 
may  not  have  been  completely  successful.  Any  effects  of  multibounce  interactions  or  improper 
alignment  would  be  more  evident  the  higher  the  frequencies.  Figure  10  shows  a  close-up  view 
of  the  propeller  mounted  for  test.  Both  a  metal  propeller  and  a  nylon  propeller  were  tested. 

These  targets  were  fabricated  in  the  ARL  machine  shop.  The  azimuthal  angle  sweep  was  limited 
to  130°  to  avoid  exposing  the  rear  of  the  mounting  post.  Our  experience  at  ARL  is  that  the  3.2° 
bistatic  angle  data  is  almost  no  different  from  normal  incidence  monostatic  data. 


Figure  8.  The  test  arrangement  for  8-18  GHz  RCS  tests. 
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Figure  10.  A  close-up  view  of  the  propeller  mounted 
for  testing. 
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In  view  of  the  difficulties  in  the  tests  and  the  extended  frequency  range  for  the  data  set,  the 
agreement  between  the  data  and  the  calculations  is  quite  good  at  10  GHz.  It  is  also  not 
surprising  that  the  data  for  the  metal  propeller  agrees  with  experiment  better  than  for  the  plastic 
propeller. 

Figure  1 1  shows  the  results  for  the  metal  propeller  at  15  GHz.  The  VV  results  agree  very  well 
(within  about  ldB)  except  at  the  largest  azimuthal  angles,  where  the  measured  data  are  a  few 
decibels  higher.  The  HH  results  calculated  with  the  two  codes  differ  by  up  to  3  dB  between  75° 
and  110°  azimuth  but  are  in  much  better  agreement  over  the  rest  of  the  0°-180°  range.  The  HH 
data  are  within  1.5  dB  of  either  of  the  calculated  results  between  0°  and  75°  azimuth.  They 
differ  from  the  results  calculated  with  the  MOM  code  by  as  much  as  5  dB  and  with  the  HFSS 
results  by  as  much  as  3  dB  between  75°  and  130°  azimuth. 


Notes:  Dark  blue  =  W-POL  (MOM  code),  light  blue  =  W-POL 

(HFSS),  dark  green  =  HH-POL  (MOM  code),  light  green  =  HH- 
POL  (HFSS),  red  =  VV-POL  measured,  and  orange  =  HH-POL, 
measured. 

Figure  11.  The  15-GHz  RCS  at  a  0°  elevation  angle  of  the  metal 
propeller. 


Figure  12  shows  the  15-GHz  RCS  at  a  0°  elevation  angle  for  the  metal  and  plastic  propeller 
calculated  using  HFSS.  Note  that  the  VV  RCS  is  now  generally  lower  than  the  HH  RCS  for  the 
plastic  propeller.  The  VV  RCS  for  the  plastic  propeller  is  also  generally  about  10  dB  lower  than 
the  VV  RCS  for  the  metal  propeller.  The  HH  RCS  of  the  plastic  propeller  is  generally  about 
5  dB  lower  than  that  of  the  metal,  although  it  does  come  within  2-3  dB  of  that  of  the  metal 
between  about  100°  and  115°  azimuth. 
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PROPELLER1,  PEC  AND  PLASTIC,  HFSS 


AZIMUTHAL  ANGLE  (DEGREES) 


Notes:  Plastic  propeller:  light  blue  =  W-POL,  light  green  =  HH-POL.  Metal 
propeller:  dark  blue  =  W-POL,  dark  green  =  HH-POL. 

Figure  12.  The  15-GHz  RCS  at  a  0°  elevation  angle  of  the  model 
propeller  calculated  using  HFSS. 


The  calculated  HH  RCS  for  the  plastic  propeller  is  also  shown  in  figure  13  (light-green  curve) 
along  with  the  best  of  two  measurements  taken  after  repositioning  the  target.  The  average  of  the 
two  sets  of  measurements  is  also  shown.  The  VV  measurements,  shown  in  figure  14,  did  not 
turn  out  as  well  for  reasons  that  are  not  clear.  The  RCS  between  60°  and  115°  azimuth,  where 
the  difference  in  measured  and  calculated  is  greatest,  is  quite  low.  Errors  in  either  measured  or 
calculated  results  are  most  likely  to  occur  here.  The  sensitivity  of  the  RCS  of  the  propeller  to 
positioning  increases  with  frequency. 


PR0P1, 15GHz,  HFSS  &  DATA 
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Figure  13.  The  15-GHz  HH  RCS  for  the  plastic  propeller. 
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Notes:  Light  blue  =  HFSS  and  orange  =  averaged  data  of  two  experiments. 
Figure  14.  The  15-GHz  VV  RCS  for  the  plastic  propeller. 


The  34-GHz  RCS  for  the  metal  propeller  is  shown  in  figure  15.  Results  at  this  frequency  are  very 
sensitive  to  the  alignment  of  the  propeller.  The  main  peaks  at  45°  and  135°  in  both  codes  agree 
well  with  each  other.  However,  the  minima  are  at  slightly  (1°  to  2°)  different  azimuthal  angles.  It 
is  possible  that  the  alignment  of  the  propeller  is  slightly  different  for  the  two  codes,  but  this  seems 
unlikely,  and  there  is  no  way  to  check  this  out.  The  differences  between  the  VV  and  HH 
polarizations  predicted  by  the  two  codes  are  in  good  agreement  where  the  RCS  is  above  -20  dBsm. 
The  measured  data  is  very  sensitive  to  the  alignment  of  the  propeller,  but  the  agreement  where  the 
RCS  is  above  -20  dBsm  is  reasonably  good. 


Notes:  Dark  blue  =  W-POL  (MOM  code),  light  blue  =  VV-POL  (HFSS),  dark 

green  =  HH-POL  (MOM  code),  light  green  =  HH-POL  (HFSS),  red  =  VV- 
POL  measured,  and  orange  =  HH-POL,  measured. 


Figure  15.  The  34-GHz  RCS  at  a  0°  elevation  angle  of  the  metal  propeller. 
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A  2-in-high,  1 -in- wide  plate  (see  figure  1)  was  also  analyzed  to  develop  an  understanding  of  how 
the  RCS  of  the  propeller  will  depend  on  thickness  and  material  at  34  GHz.  Thicknesses  of  100, 
50,  10,  and  5  mil  were  explored,  both  metallic  perfect  electric  conductor  or  PEC  and  polyimide 
with  a  dielectric  constant  of  3.5.  The  calculations  were  run  using  HFSS. 

For  a  100-mil  thickness,  figure  16,  the  dielectric  plate  is  about  a  half  wavelength  thick  at  nonnal 
incidence.  The  RCS  of  the  dielectric  plate  is  3  to  4  dB  lower  than  that  of  the  metal  plate  out  to 
about  15°  azimuth.  Between  15°  and  90°  azimuth,  the  VV  and  HH  RCS  for  the  metal  plate 
differ  by  as  much  as  15  dB,  the  HH  RCS  generally  being  lower.  The  RCS  of  the  dielectric  plate 
is  even  lower,  as  shown  in  figure  16. 


PLATE  2,  34GHz,  PEC  &  POLYIMIDE 


AZIMUTHAL  ANGLE  (DEGREES) 


Notes:  Dark  blue  =  W  metal,  light  blue  =  W  dielectric,  dark  green  =  HH 
metal,  and  light  green  =  HH  dielectric. 


Figure  16.  The  calculated  RCS  of  the  100-mil-thick  1-  x  2-in  plate  at 
34  GHz. 


The  50-mil-thick  dielectric  plate  is  about  a  quarter  of  a  wavelength  thick  at  34  GHz.  The  RCS  of 
the  dielectric  plate  at  normal  incidence  is  ~15  dB  lower  than  the  metal  plate  and  never  rises 
above  -23  dBsm.  In  fact,  it  is  below  -30  dBstn  over  much  of  the  angular  range.  The  calculated 
results  for  the  50-mil-thick  plate  are  shown  in  figure  17. 

A  real  propeller  for  a  small  UAV  would  likely  be  much  thinner  than  these  plates,  typically  in  the 
5- 10-mil  range.  The  calculated  RCS  for  10-mil-thick  metal  and  dielectric  plates  is  shown  in 
figure  18.  The  RCS  of  the  dielectric  plate  has  a  maximum  of  about  -18  dBsm  at  normal 
incidence,  and  is  below  -30  dBsm  for  angles  between  8°  and  172°.  The  VV  and  HH  RCS  for  the 
dielectric  plate  track  each  other  more  closely  than  for  thicker  targets. 
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PLATE1,  34  GHz,  0  DEG,  PEC  &  POLYIMIDE 


AZIMUTHAL  ANGLE  (DEGREES) 


Notes:  Dark  blue  =  W  metal,  light  blue  =  W  dielectric,  dark  green  =  HH 
metal,  and  light  green  =  HH  dielectric. 


Figure  17.  The  calculated  RCS  of  the  50-mil-thick  1-  x  2-in  plate 
at  34  GHz. 


PLATE  4,  34  GHz,  PEC  &  POLYIMIDE 


Notes:  Dark  blue  =  W  metal,  light  blue  =  W  dielectric,  dark 
green  =  HH  metal,  and  light  green  =  HH  dielectric. 


Figure  18.  The  calculated  RCS  of  the  10-mil-thick  1-  x  2-in  plate 
at  34  GHz. 


The  RCS  plots  for  5-mil-thick  metal  and  dielectric  plates  are  shown  in  figure  19.  The  Maximum 
RCS  of  the  dielectric  plate  is  about  -24  dBsm  near  normal  incidence.  The  RCS  falls  off  rapidly 
as  the  target  is  moved  away  from  normal  incidence  and  is  generally  below  -40  dBsm.  The  RCS 
of  the  metal  plate  is  typically  ~20  dB  higher.  A  5-mil-thick  dielectric  propeller  would  be  very 
difficult  to  detect  unless  the  radar  was  looking  right  at  a  flat  surface  if  the  propeller  has  one. 
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dark  green  =  HH  metal,  and  light  green  =  HH  dielectric. 


Figure  19.  The  calculated  RCS  of  the  5-mil-thick  1-  x  2-in 
plate  at  34  GHz. 


A  second  target  of  interest  is  the  trihedron  shown  in  figure  20.  This  target  has  a  base  24-in 
square,  and  1 -in-high  sides.  The  base  and  sides  are  0.375  in  thick.  In  previous  calculations  at 
10-GHz,  this  target  had  shown  an  unusual  RCS  pattern  at  small  elevation  angles.  The  VV 
component  was  large  and  the  HH  component  was  highly  suppressed  so  that  it  was  well  below  the 
cross-polarized  RCS  components.  This  target  was  a  little  to  large  to  run  at  10  GHz  in  HFSS  with 
the  available  RAM,  so  it  was  run  at  5  GHz  instead. 


Figure  20.  The  trihedron  analyzed  in  this  study. 


The  RCS  of  the  trihedron  depends  strongly  on  the  elevation  angle.  The  RCS  at  a  5°  elevation 
angle  calculated  using  the  MOM  code  is  shown  in  figure  2 1 .  The  maximum  VV  RCS  is  about 
30  dB  higher  than  the  HH  RCS  at  a  45°  azimuthal  angle. 
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T5  TRIHEDRON  @  5  GHz,  5  DEGREES-MOM 


AZIMUTHAL  ANGLE  (DEGREES) 


Notes:  Dark  blue  =  W  POL,  dark  green  =  HH  POL,  red  =  VH  POL,  and 
orange  =  HV  POL. 

Figure  21.  The  5-GHz  RCS  at  a  5°  elevation  angle  calculated  using  a  MOM 
code. 


The  VV  component  of  the  RCS  is  by  far  the  most  important  since  it  is  the  largest.  Figure  22 
compares  this  component  calculated  using  the  MOM  code  and  HFSS.  The  agreement  is  within 
about  1  dB  over  most  of  the  angular  range.  Significant  differences  occur  only  at  angles  at  which 
there  is  a  deep  null  at  which  the  actual  value  of  the  RCS  is  not  particularly  important. 


Figure  22.  The  5-GFlz  VV  RCS  at  a  5°  elevation  angle  calculated  using  the 
MOM  code  (dark  blue)  and  F1FSS  (light  blue). 
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Figure  23  shows  the  rest  of  the  RCS.  The  HH  POL  RCS  (light-green  curve)  calculated  using 
HFSS  agrees  very  well  with  the  MOM  code  results  (dark-green  curve)  from  about  0°  to  3°  and 
87°  to  90°  azimuth.  However,  it  converges  more  nearly  to  the  VH  RCS  at  the  other  azimuthal 
angles. 


T5  TRIHEDRON  @  5  GHz,  5  DEGREES-  MOM  &  HFSS 


AZIMUTHAL  ANGLE  (DEGREES) 


Figure  23.  The  FIH  polarized  5-GHz  RCS  at  a  5°  elevation  angle 

calculated  using  FIFSS  (light-green  curve)  and  the  MOM 
code  (dark-green  curve).  The  red  curve  is  the  VH  RCS 
calcidated  using  the  MOM  code. 

The  computed  results  at  a  10°  elevation  angle  (figure  24)  exhibited  the  same  characteristics.  The 
VV  results  computed  using  the  two  codes  agreed  very  well,  even  better  than  at  a  5°  elevation 
angle.  The  HH  results  in  HFSS  still  converged  to  the  VH  results  calculated  using  the  MOM 
code,  however. 


T5  TRIHEDRON  @  5  GHz,  10  DEGREES-MOM  &  HFSS 


Notes:  Dark  blue  =  W  POL  (MOM),  light  blue  =  W  POL  (HFSS), 

dark  green  =  HH  POL  (MOM),  light  green  =  HH  POL  (HFSS),  red  = 
VH  POL  (MOM),  and  orange  =  HV  POL  (MOM). 

Figure  24.  The  RCS  at  a  10°  elevation  angle  calculated  using  a  MOM 
code  and  HFSS. 
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In  order  to  try  to  get  the  HFSS  and  MOM  code  HH  results  to  agree  better,  the  problem  was  run 
using  HFSS  on  a  computer  with  much  more  memory  and  the  convergence  criterion  was 
tightened  so  that  the  RCS  difference  between  passes  was  less  than  0.5  dB.  The  problem  took  a 
lot  more  memory  (29  GB)  and  time  (9  h),  but  the  results,  shown  in  figure  25,  agree  very  well 
with  the  MOM  code  results.  This  is  impressive  since  the  HH  RCS  is  very  low,  generally  in  the 
30-dBsm  range.  The  HFSS  results  are  about  2  dB  higher  near  0°  and  90°,  however. 


T5  TRIHEDRON  @  5  GHz,  10  DEGREES  -  MOM  &  HFSS 


AZIMUTHAL  ANGLE  (DEGREES) 


Figure  25.  The  HH  RCS  for  the  trihedron  at  a  10°  elevation  angle  calculated 
using  the  MOM  code  (dark  green)  and  using  HFSS  with  increased 
accuracy  (light  green). 


Figure  26  shows  the  calculated  5-GHz  RCS  at  a  15°elevation  angle  using  the  8-GB  RAM 
computer.  The  VV  RCS  calculated  using  HFSS  (light  blue  curve)  is  about  2  dB  higher  than  that 
calculated  using  the  MOM  code  (dark  blue  curve).  The  HH  RCS  calculated  using  HFSS  again 
converges  more  nearly  to  the  VH/HV  RCS  calculated  using  the  MOM  code  over  most  of  the 
angular  range.  The  agreement  with  the  HH  RCS  calculated  using  the  MOM  code  is  very  good  in 
the  regions  where  it  is  significant,  from  0°  to  3°  and  87°  to  90°  azimuth. 

The  5-GHz  RCS  at  a  20°  elevation  angle  is  shown  in  figure  27.  The  VV  RCS  calculated  using 
the  two  codes  are  in  excellent  agreement,  generally  better  than  1  dB.  The  HH  RCS  near  the  end 
points  of  the  sweep  are  also  in  good  agreement  where  the  HH  RCS  is  in  the  -10  dBsm  range. 

The  VH/HV  and  HH  RCS  calculated  using  the  MOM  code  is  generally  below  -20  dBsm.  The 
HH  RCS  calculated  using  HFSS  is  0-5  dB  higher,  however.  This  is  still  quite  low  and  not  very 
important.  The  agreement  could  almost  certainly  be  improved  upon  by  using  a  different 
convergence  criterion  and  more  RAM,  as  was  done  for  the  10°  elevation  case. 
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T5  TRIHEDRON  @  5  GHz,  15  DEGREES-  MOM  &  HFSS 


Notes:  Dark  blue  =  W  POL  (MOM),  light  blue  =  W  POL  (HFSS),  dark  green  =  HH 
POL  (MOM),  light  green  =  HH  POL  (HFSS),  and  red  =  VH  POL  (MOM). 

Figure  26.  The  5-GHz  RCS  at  a  15°  elevation  angle  calculated  using  a  MOM 
code  and  HFSS. 


T5  TRIHEDRON,  5  GHz,  20  DEGREES-  MOM  &  HFSS 


Notes:  Dark  blue  =  W  POL  (MOM),  light  blue  =  VV  POL  (HFSS),  dark 

green  =  HH  POL  (MOM),  light  green  =  HH  POL  (HFSS),  red  =  VH  POL 
(MOM),  and  orange  =  HV  POL  (MOM). 

Figure  27.  The  5-GHz  RCS  at  a  20°  elevation  angle  calculated  using  a 
MOM  code  and  HFSS. 
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On  the  whole,  the  agreement  between  the  two  codes  was  quite  acceptable  in  regions  where  the 
RCS  was  significant.  In  view  of  the  differences  in  computational  methods,  this  is  very 
satisfying. 

One  other  target  was  briefly  examined.  This  was  a  1 -in-diameter,  4-in- long,  right-circular 
cylinder  viewed  end-on  (figure  28).  The  VV  RCS  was  calculated  for  401  frequencies  between 
26.5  and  40  GHz.  The  results  from  the  two  codes  are  plotted  in  figure  29.  The  agreement  is 
very  good  considering  that  no  unusually  tight  convergence  criteria  were  applied  in  either  code. 


Figure  28.  The  1 -in-diameter,  4-in-long  cylinder 
analyzed. 


4-IN  CYLINDER  END-ON  RCS-  HFSS  &  MOM 
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Figure  29.  The  end-on  VV  RCS  of  the  cylinder  calculated  using  a  MOM 
code  (light  blue)  and  F1FSS  (dark  blue). 
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3.  Conclusions 


We  have  compared  RCS  results  calculated  using  a  MOM  code  and  HFSS,  an  FE  code.  The 
agreement  between  the  two  sets  of  results  has  generally  been  within  a  few  decibels  where  the 
RCS  was  large  enough  to  matter.  Since  default  meshing  and  default  convergence  parameters 
were  used  for  most  of  the  HFSS  calculations,  the  quality  of  the  agreement  must  be  regarded  as 
satisfactory.  For  the  one  case  where  the  default  parameters  were  not  adequate,  the  RCS  was 
sufficiently  low  enough  to  not  be  of  concern.  Changing  the  convergence  parameters  brought  the 
predictions  of  the  two  codes  into  excellent  agreement. 

FE  codes  are  necessarily  much  more  RAM  intensive  than  MOM  codes,  but  RAM  for 
workstations  has  become  much  less  expensive  than  in  the  past.  The  FE  code  also  easily  adapts  to 
dielectric  materials,  which  is  a  very  desirable  feature. 
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